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• Carrier-inducedferromagnetism in Gaj.xMnxAs 

A distinguishing feature of diluted magnetic semiconductors (DMSs) is the couphng of 
electrons and holes to a population of local magnetic moments. This leads to a number of 
interesting properties, including an enhanced g-factor for carriers as well as novel excitations 
such as magnetic polarons. Ferromagnetism, however, is rarely observed in semiconductors, 
which is a consequence of both the low density of carriers and the prevalence of 
antiferromagnetic superexchange among local moments. As a result, most ferromagnetic 
semiconductors are relatively exotic systems with low Curie temperatures. The recent 
achievement of Curie temperatures over 100 K in the Ill-V DMS 
(Gai.xMnx)As at moderate Mn concentrations (x ~ 0.05) is therefore particularly significant. This 
material offers the possibility of exploiting traditional techniques for controlling the carrier 
population in a semiconductor in order to realize a new class of tunable ferromagnetic devices. 
Identifying the role of charge carriers in the ferromagnetic exchange mechanism in (Gai.xMnx)As 
is therefore a high priority, and is the basis for creating ferromagnetism in this new family of 
semiconductors. Here we have performed a systematic study of the magnetic circular dichroism 
(MCD) in (Gai.xMnx)As which identifies the critical role played by holes in the ferromagnetic 
exchange mechanism. We observe an unusual MCD signal comprising two contributions: a 
broad spectrum that scales with the thermodynamic magnetization of the sample and a narrower 
peak (-150 meV FWHM) which appears only in the ferromagnetic phase. This peak is attributed 
to the spontaneous spin splitting of the hole density of states. The sign of the peak indicates that 
the exchange between the holes and the local Mn moments is antiferromagnetic. We find 
ferromagnetism and the unusual MCD behavior in both metallic and insulating samples. This 
observation, along with the large spin polarization that can be inferred fi-om transport 
measurements, suggests that the holes in (Gai.xMnx)As do not simply play the role of a Fermi sea 
mediating a Ruderman-Kittel-Kasuya-Yosida (RKKY)-like exchange interaction. This work 
appeared as, "Magnetic Circular Dichroism Studies of Carrier-induced Ferromagnetism in 
(Gai.MnydAs," Phys. Rev. Lett. 83, 3073 (1999). 

• Submicron magnetometry with micromechanical cantilevers: single spin sensitivity 

We directiy measure the magnetization of conduction electrons and Mn^* ions in 
(Zn,Cd,Mn)Se two dimensional electron gases (2DEGs) by integrating them into 
micromechanical magnetometers. The interplay between spin and orbital energy in these 
magnetic 2DEGs causes Landau level degeneracies at the Fermi energy, resulting in a number of 
unusual features in the deHaas-Van Alphen oscillations. These are reproduced by simple 
thermodynamic calculations that ignore Landau level mixing. We find that the magnetometers 
are potentially capable of detecting the spin-lattice relaxation of a single Mn^^ moment. 

The quantum Hall effect in two dimensional electron gases (2DEGs) arises in large part 
fi-om the interplay between delocalized, current-carrying states near the center of each Landau 
level and localized states which lie between the Landau levels. Transport measurements probe 
the delocalized states near the Fermi energy, but provide veiy httle direct information about the 
total density of states (DOS) of a 2DEG. In contrast, measurements of magnetization (or any 
other thermodynamic quantity) are a powerfiil tool for exploring the total DOS of a degenerate 



Fenni gas. Recent advances in high-sensitivity magnetometry have allowed magnetization 
studies of single 2DEGs in the quantum Hall regime, providing new insights into the DOS, such 
as the appearance of true cyclotron gaps only for high mobility (~ 10^ cm^A/^s) samples, wide 
sample-to-sample variations of the spin-resolved deHaas-vanAlphen (dHvA) oscillations, the 
absence of a simple Landau level (LL) line shape, and the appearance of gaps at fractional filling 
factors. Here, we employ newly-developed micromechanical cantilever magnetometers (with a 
moment sensitivity -3x10^ |iB in a field of 4 T) to probe the magnetization of "magnetic" 2DEGs 
wherein the s-d exchange-coupling between two-dimensional conduction electrons and local 
magnetic moments (Mn^* ions) creates a highly enhanced spin-splitting of the 2DEG. This 
splitting can be larger than the cyclotron energy, leading to accidental degeneracies (or 
"crossings") of LLs. As a result, we observe fiiUy spin-resolved dHvA oscillations with unusual 
properties: the dHvA oscillations do not follow the standard "1/B" periodicity, and the positions 
of the dHvA extrema are strongly temperature-dependent. These unusual effects are reproduced 
in detail by thermodynamic calculations which include the re-ordering of the LLs due to the 
giant spin-splitting, but which do not include any effects of LL mixing. We note tiiat the 
influence of LL mixing on both localized and delocalized states remains a fiindamental (and 
largely unresolved) issue in the physics of the quantum Hall effect, both in the limit of zero 
magnetic field and at high fields in samples with more than one occupied subband. In addition, 
we measure a stiongly temperature-dependent coupling of the paramagnetic Mn moments to the 
motion of the cantilever, demonstrating a dissipation sensitivity equivalent to the spin-lattice 
relaxation of a single Mn ion. This work appeared as, "Magnetization Measurements of 
Magnetic Two-dimensional Electron Gases," Phys. Rev. Lett, 86, 4644 (2001). 
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Figure 1. Details of MBE grown sample. The cantilever is fabricated from the 1000 A thick GaAs epilayer. Right: 
SEM photo of two finished cantilevers (320 nm long, 50 |im wide and 0.1 jam thick. The rectangular mesas 
containing the 2DEGs are 100 \x.m long and 40 (xm wide. 

•      Demonstration of an all-semiconductor spin-injection device 

We reported the first fabrication and demonstration of all-semiconductor spintronic 
devices using III-V heterostructures based on GaAs, where electrical spin injection occurs in zero 
magnetic field from a ferromagnetic semiconductor into a non-magnetic semiconductor quantum 
well (QW). They employ p-n junctions into which polarized holes are infroduced from a p-type 



ferromagnetic semiconductor (Ga,Mn)As, and unpolarized electrons are injected from an n-type 
GaAs substrate. The hole spin polarization is directly measured by analyzing the polarization of 
the emitted electroluminescence (EL) from an embedded (In,Ga)As QW placed at discrete 
locations from the ferromagnetic region, revealing spin-polarized hole fransport over surprisingly 
large distances in semiconductors. The magnetic field dependence of the EL polarization exhibits 
hysteresis below the ferromagnetic fransition temperature of (Ga,Mn)As, with sharp switching 
fields of < 40 G This represents new opportunities for fimdamental science and technology in 
spin-based electronic fransport within magnetic nanostructures, and is the first ferromagnetic 
semiconductor spinfronic device. This work appeared as, "Electrical Spin Injection in a 
Ferromagnetic Semiconductor Heterostracture," Nature 402, 790 (1999). 
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Figure 2. Top shows schematic of electrically- 
injected spin-polarized LED. Right shows 
polarized electroluminescence that "switches' 
helicity in concert with the ferromagnetic 
electrode. A design with vertical emissior 
doubles the efficiency. 
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•    Observation of electron spin coherence in GaN 

There is an emerging interest in the exploitation of elecfron spins in semiconductors to 
realize all-semiconductor elecfronic devices such as spin diodes or non-volatile spin memory. 
The successftil realization of these devices necessitates the ability to inject and preserve spin 
information over practical device length and time scales. Recent observations revealing 
exfremely long spin coherence times for optically injected spins in non-magnetic 
semiconductors, as well as spin fransport over macroscopic distances and through semiconductor 
heterointerfaces, has additionally raised the possibility that these spin-coherent properties may 
eventually enable quantum computational operations in solid state systems. In this context, the 
III-V semiconductor GaN and its related ternary compounds are intriguing in that they combine a 
high density of charged threading dislocations (typically 10 - 10 cm') with high optical 
quality. As a result, it is possible to optically create and monitor coherent electronic spin states in 
a system where crystalline defects may play an important role in spin dephasing and decoherence 
mechanisms. Here, we use the optical pump/probe technique of time-resolved Faraday rotation 
(TRFR) to systematically investigate spin coherence in a series of n-type GaN epilayers grown 
by metal-organic chemical vapor deposition (MOCVD), with carrier concenfrations ranging from 
the insulating to the metallic regime. Despite the dislocation density in these samples, the data 
reveal a tii-exponential decay with surprisingly long spin lifetimes of up to ~ 20 ns observed at 



T=5K. The spin coherence persists to room temperature and exhibits similar behavior to other 
III-V and II-VI semiconductors grown by molecular beam epitaxy with many orders of 
magnitude fewer defects, suggesting that the spin degree of freedom is largely insensitive to 
momentum scattering from the charged threading dislocations. Similar spin coherence has also 
been observed in InxGai-xN, suggesting that it is robust to high defect densities in a variety of 
materials. These findings are promising for the potential development of optoelecfronic devices 
that rely on the coherent properties of the electron spin._This work appeared as, "Spin Coherence 
and Dephasing in GaN," Phys. Rev. B Rapid Communications 63, R121202-1 (2001). 
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Figure 3. TRFR taken in a magnetic field of 
0.3 Tesla and a temperature of 300K in a n- 
doped GaN epilayer with n=lxlO" cm -3. This 
coherence time increase to over 20 
nanoseconds at a temperature of 5K. 
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